Introduction
Singlet oxygen ( 1 O 2 ) is a non-radical, yet highly oxidative reactive oxygen species (ROS), usually generated photodynamically in an energy transfer reaction between a dye molecule in triplet excited state and molecular oxygen. This reaction has been extensively utilized in medical therapy, but may also occur in plant cells containing chlorophyll [1] . In chloroplasts, an imbalance between excitation and the capacity of the plant to either utilize or safely dissipate it may lead to the photoinhibition (PI) of photosynthesis. Under such conditions, Photosystem II (PS II) is preferentially damaged, resulting in the production of 1 O 2 (for reviews see [2] [3] [4] [5] ). In the field, the steady state ROS concentration is usually kept low by the scavenging activity of enzymes and other antioxidants. However, a combination of high solar irradiance with other stress factors (for example drought, extreme temperatures or certain herbicides) may lead to PI (for reviews see Refs [6, 7] ). Under laboratory conditions, isolated photosynthetic membranes provide excellent model systems for studying the primary reactions of PI including 1 O 2 production [8] [9] [10] [11] , but these samples lack important components of the defence system. A good compromise between field and in vitro conditions is to use detached leaves or leaf cuttings, in which the efficient protein repair system of the photosynthetic apparatus is inhibited by the addition of a proteinase inhibitor, and therefore the accumulation of damaged PS II is stimulated [12] .
Singlet oxygen is mainly considered to be damaging, but its controlled production has recently been suggested to be part of signalling routes, as well [13] . Therefore, studies of both photo-oxidative damage and stress regulation call for efficient, in vivo 1 O 2 detection systems. Fluorescent probes, in combination with imaging techniques can provide both temporal and spatial information on a target molecule in vivo. Recent reviews provide excellent summaries of new developments [14, 15] , however, being focused on medical applications, these did not include all available probes and also missed some important aspects of fluorescent 1 O 2 imaging in plants. Plants under oxidative stress yield a variety of ROS, therefore it is essential that the probe is selective to 1 O 2 . An important, unique aspect of plant studies is that the 1 O 2 probe should not be sensitive to light, either directly or by reacting with redox components or metabolites formed in light-dependent reactions. It is also important that the ROS probe should not be toxic (i.e. it should not impair any biochemical functioning). Because 1 O 2 production is most intense in the chloroplasts, this means that the probe should not inhibit photosynthetic activity. Localization of the ROS probe is always critical in any biological study. Unlike mammalian cells, plant cells have sturdy cell walls; therefore the delivery of the sensor to the right localization may be the most limiting step in 1 O 2 detection. The present study has examined how various 1 O 2 probes meet the above criteria. Before comparing the potentials of available 1 O 2 probes in leaf studies, I briefly introduce probes from our laboratory as well as those commercially available.
DanePy and DanePy-oxalate
DanePy, a dansyl-based ROS sensor [16] [17] [18] has been utilized for trapping 1 O 2 in plant leaves under oxidative stress by PI and ultraviolet (UV) radiation [19] [20] [21] [22] [23] [24] . In these experiments, the yellow-green (500-600 nm, maximum emission at 545 nm [22] ) fluorescence of the dansyl-moiety of the sensor is partly quenched as a result of nitroxide radical formation from a sterically hindered amine constituent when 1 O 2 is trapped [16] . This fluorescence emission is ideal for photosynthesis studies, because it is not absorbed by chlorophyll. On the other hand, the UV excitation required for this fluorescence emission also provokes a blue-green auto-fluorescence in plant cells [25] , which is partly overlapping with dansyl fluorescence. Also, prolonged UV excitation may be damaging for the sample, especially in microscopy imaging studies requiring higher excitation fluxes. Despite these possible drawbacks, an interesting feature of DanePy is that by changing its structure, the ROS selectivity of the probe can be altered. For example, lack of the diethylaminoethyl side chain resulted in an additional sensitivity to superoxide anions [18] . The more water-soluble oxalate salt of DanePy was also tested, in order to study the importance of probe localization.
Contrary to DanePy, which is highly fluorescent and reports 1 O 2 production as fluorescence quenching, the other probes included in the present study are not themselves fluorescent, but respond to the ROS by intense fluorescence emission. This may be advantageous to avoid artefacts due to non-ROS specific alterations of fluorescence, which may be caused by a change in the probe's membrane environment. On the other hand, this feature leaves the localization of the probe ambiguous in experiments when the probe is not responding, making it difficult to exclude the possibility of 1 O 2 production in these studies.
DMAX and DPAX
Tanaka et al. developed fluorescent probes 9-[2-(3-carboxy-9,10-dimethyl)anthryl]-6-hydroxy-3H-xanthen-3-one and 9-[2-(3-carboxy-9,10-dimethyl)anthryl]-6-hydroxy-3H-xanthen-3-one (DMAX and DPAX, respectively) in which fluorescein is fused with a 9,10-dimethylanthracene moiety as chemical trap of 1 O 2 . Endoperoxides formed from the probes upon reacting with 1 O 2 emit green light (peak emission at 516-517 nm) upon blue (492 nm) excitation [26] . DPAX has been successfully applied for detecting 1 O 2 in isolated intact chloroplasts [27] , but not in intact leaves so far (K. Asada and U. Schreiber, personal communication). Neither DMAX nor DPAX were included in the present study.
SOSG
A new probe featuring green fluorescence has been developed by Molecular Probes (Eugene, OR, USA). The chemical structure of this Singlet Oxygen Sensor Green® (SOSG) is not published, its 1 O 2 -adduct emits green fluorescence similar to that of fluorescein, with 525 nm emission and 504 nm excitation maxima [28] .
Although SOSG has been commercially available since 2004, there are only two reports on its successful application: one in Staphylococcus bacteria [29] and another in plant leaves including PI studies [30] .
MVP
Another specific probe is trans-1-(2'-methoxyvinyl)pyrene (MVP), which forms a blue (465 nm) chemiluminescence emitting dioxetane intermediate upon reacting with 1 O 2 [31] . Although known for more than 20 years and utilized in medical research [32] , this probe has no documented plant application. To test whether this is due to the absorption of the dioxetane's blue chemiluminescence in the leaves, another blue light emitting ROS probe was also tested. This was 4-((9-acridinecarbonyl)amino)-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO-9-AC, also known as Ac-Tempo).
TEMPO-9-AC
This probe is not a 1 O 2 probe, but is reportedly sensitive to a broad range of free radicals, including superoxide [33] , glutathionyl [34] and other carbon-centred ones [35] . TEMP-9-AC is a free radical in which the fluorescence of the acridine moiety is quenched by the stable paramagnetic nitroxide part; therefore, the probe is not fluorescent by itself. This situation changes when free radicals of the biological system convert the nitroxide to the corresponding piperidine, which eliminates the quenching to yield UV (366 nm) excitable blue fluorescence (maximum emission at 424 nm) from the acridine [34] .
Experimental Procedures

Chemicals, plant samples and stress conditions
TEMPO-9-AC, Singlet Oxygen Sensor Green ® and MVP were purchased from Molecular Probes (Eugene, OR, USA). DanePy and DanePy-oxalate were synthesized by Dr. Tamás Kálai (Department of Organic and Medicinal Chemistry, Pécs University, Hungary) as described earlier [16] .
Tobacco (Nicotiana tabacum, L.) plants were grown at [22] [23] [24] [25] o C in the greenhouse under natural light conditions for 4 weeks from sowing. Detached leaves were infiltrated with the ROS probes through a pinhole, as described earlier [22, 36] . Briefly, this was done by forcing the infiltrating solution into the leaf tissue using a plastic syringe without needle through a hole made with a sharp pin beforehand. Infiltrating solutions contained the 200 µM of the ROS probes in the following solvents:
water only (for DanePy-oxalate), 2% ethanol + 98% water (DanePy) and 5% DMSO + 95% water (SOSG, TEMPO-9-AC, MVP). For nuclear staining experiments, SOSG solutions were supplemented with a final concentration of 1µg mL -1 Hoechst 33342 (Sigma Aldrich, MO, USA) live cell permeable DNA staining dye. After infiltration, which was carried out in dim light, the leaf was kept in the dark for 30 min in a well-ventilated area to evaporate excess liquid from the leaf tissue before photosynthesis or ROS measurements.
In order to evaluate the stability of the applied ROS probes, fluorescence images of infiltrated leaves were measured (for details see below) and compared before and after exposing the leaf to low light (LL), 50 µmol m -2 s -1 photosynthetically active radiation (PAR) from a KL-1500 lamp (DMP, Switzerland) through an optical fibre guide for 30 min. To measure significant ROS production, all infiltrating solutions also contained 5 mM lincomycin to inhibit protein synthesis and PS II repair processes. In these samples photoinhibition (PI) was induced by 30 min exposure to 2000 µmol m -2 s -1
PAR from the same light source as above.
Photosynthesis measurements
Photochemical yield of PS II electron transport (Φ PSII ) was calculated from variable chlorophyll fluorescence parameters, measured with the MINI-version of the Imaging-PAM (Heinz Walz GmbH, Effeltrich, Germany), [37] . F' and F m ' are fluorescence intensities measured before and after a saturating (8000 µmol m -2 s -1 ) light pulse. Each leaf was dark-adapted before measuring the potential (maximum) quantum yield of PS II, also called F v /F m . This was followed by keeping the leaf at 50 µmol m -2 s -1 PAR for 5 min, measuring F' at the actinic level of PAR, then applying the saturating pulse to measure saturated maximum fluorescence, F m '. Both F m ' and F' values were taken from all points of the fluorescence image, then Φ PSII values were calculated as values averaged from selected areas of interest. Infiltration sites where the mouth of the plastic syringe visibly damaged the leaf tissue in a ca 3 mm diameter circle were excluded from photosynthesis studies. Chlorophyll fluorescence measurements were always performed after keeping leaf samples in complete darkness for 45 min in order to let light-inducible, energydissipation relax and thus register long-term effect only. Measurements were repeated 4-5 times using identically treated, new leaves. Values shown in Table 1 are averages of these repetitions. Two photochemical yields were considered significantly different if the P value of a paired T-test performed on the two sets of repetitions was <0.05.
Macro-imaging dansyl fluorescence
Fluorescence images of 1.62 x 2.17 cm leaf areas including DanePy or DanePy-oxalate infiltrated sections were measured using an Imaging-PAM (Multi Control Unit IMAG-CM, Heinz Walz GmbH, Effeltrich, Germany) equipped with a recently developed special ROS measuring head [36] . Excitation was provided by 365 nm UV-A Power LED through a black glass filter (Schott UG11, Schott AG, Germany). Dansyl fluorescence was detected by a CCD camera protected by a special filter set transparent in the green spectral region, but blocking both UV and transmission above 650 nm [36] . For images with larger magnification, an Olympus stereo microscope was used (see below).
Fluorescence stereo microscopy
Fluorescence images of 0.93 x 1.25 cm leaf areas including SOSG, MVP or TEMPO-9-AC were taken using an Olympus SZX12 stereo fluorescence microscope (Olympus Europa GmbH, Hamburg, Germany). For MVP and TEMPO-9-AC dyes, UV range of mercury arc lamp (Olympus, USH-1030L) was filtered through 320-390 nm black glass (Schott UG1) and emission was detected using 450-510nm blue emission filter. For SOSG, blue excitation (460-490 nm) / green emission (510-550 nm) filter set was used. For localization studies, magnified images of smaller 0.5 x 0.66 mm leaf areas containing the same ROS probes were also taken, as well as images of DanePy or DanePy-oxalate infiltrated leaves. For dansyl-based probes, UV excitation (320-390 nm) and a green emission (500-550 nm) filter was used.
LSM imaging
Laser scanning microscopy was performed on Olympus Fluoview FV1000 confocal microscope (Olympus Europa GmbH, Hamburg, Germany) equipped with argon (488 nm), He-Ne (543 nm and 633 nm), and near-UV LD 405 nm lasers. UPLSAPO 20X dry (NA:0.75) and 60X water immersion LUMPL FL W (NA:0.90) objectives were used for imaging leaf segments infiltrated with probes or their respective solvents. Leaf samples were dry-sandwiched between 24x50 mm and 18x18 mm coverslips of #1 size. Images were scanned in sequential mode at 4µs/pixel speed with automatic pinhole setting of the confocal microscopy software (Olympus Fluoview version 1.7). Laser transmissivity power was kept as low as possible (<10%) for all lasers not to induce scanning related cell or tissue damage. For analysis and arrangement of images, ImageJ (http://rsb.info.nih.gov/ij/) software was used. Excitation laser lines and emission filters for the dyes were as follows: TEMPO-9-AC (ex: 405 nm, em: 420-520nm); DanePy and DanePy-oxalate (ex: 405 nm, em: 521-575 nm); SOSG (ex:488 nm, em:500-600 nm); Hoechst 33342 DNA stain (ex: 405 nm, em:425-475 nm); chlorophyll (ex: 488 nm, em: 650-800 nm). Transmission images were taken by 543 nm HeNe laser with differential interference contrast (DIC) setup.
Results and Discussion
Toxicity
In leaves, the photosynthetic apparatus is considered as the main source of 1 O 2 ; therefore, it is essential that ROS probes have minimal interference with its functioning. This was studied by measuring photosynthetic yield in the presence of various ROS probes. For controls (i.e. the effects of water only), water solutions of 2% ethanol and 5% DMSO were also studied. Because ROS probes are aimed to be used in stress experiments, effects of their presence were also compared after prolonged exposure to LL, which is not a stress condition by itself or to PI as photo-oxidative stress (see Experimental Procedures for details). Infiltration solutions delivering the probes into leaf tissue are water-based. Thus, the procedure of the infiltration itself is a stress by changing leaf watercontent and affecting the functioning of the stomata. Excess water in the leaf tissue may limit photosynthesis by lowering the amount of available CO 2 , even in the absence of any ROS probes added. However, this effect was temporary: photosynthesis measurements comparing untreated and water-infiltrated then dried leaves revealed no differences ( quantum yields of PS II (F v /F m ) were not affected by the presence of the probes in the leaves (data not shown), indicating that primary charge separation in PS II was not affected directly by any of the studied chemicals. Actual photochemical yields, however, varied. This was most pronounced for SOSG and MVP, which lessened unstressed photosynthetic electron transport by 15 and 10%, respectively. Comparison with the effects of water or DMSO solution showed that this was not the effect of either the solvent or the procedure of infiltration ( Table 1) . Effects of the 1 O 2 traps DanePy and DanePyoxalate and the general ROS trap TEMPO-9-AC on Φ PSII were not significant. Photoinhibition resulted in at least 80% loss of photochemical yield in all samples.
As a conclusion, when performing 1 O 2 trapping experiments with MVP or SOSG, it should be kept in mind that the photochemical yield of these leaves is partially inhibited even without applying any stress treatments. Although it is possible that CO 2 fixation is affected to a greater extent than the photochemical yield, this could not be tested because the amount of probes required to fill the necessary leaf area, and thus allow sufficient gas exchange measurements, was not available.
Response to 1 O 2 from photoinhibition
Chlorophyll photosensitized 1 O 2 production as a result of PI by excess PAR has been demonstrated earlier in isolated membranes and chlorophyll protein complexes [8] [9] [10] [11] , as well as in leaves in which protein repair is inhibited [19] . This latter experiment, which was first done in our laboratory using DanePy, is repeated here to serve as a starting point to investigate the usefulness of other 1 O 2 probes under the same conditions. Figure 1A-B) , its oxalate salt did not respond: DanePy-oxalate fluorescence was the same before and after PI ( Figure 1C-D) . Because the fluorescence properties of DanePy-oxalate are the same as of DanePy, this difference can only be explained by assuming either different localizations for the two probes, or as instability of the DanePy-oxalate-1 O 2 . The former possibility is more likely and is investigated below. As reported previously [30] , SOSG reacted with 1 O 2 : its very low initial fluorescence markedly increased in the leaf after PI (Figure 1E-F) . MVP chemiluminescence was very low and hardly visible even after PI ( Figure 1G-H) . This occurred even though the leaf contained the MVP solution, as shown by a transmission-mode photo taken immediately after the infiltration, when the excess liquid changed internal light scattering and thus increased leaf transparency ( Figure 1I ). The unresponsiveness of MVP can be caused by the localization of the probe in the leaf, similarly to that of DanePy-oxalate. Probes must compete with both 1 O 2 quenchers (for example, carotenoids and tocopherols in the leaf tissue) and natural targets of the ROS, and they must be close enough to the production site in order to be able to report 1 O 2 production. However, as MVP gave no quantitatively detectable chemiluminescence, even in leaves infiltrated with higher probe concentrations and exposed to stronger (longer and more intense) irradiation, we were unable to investigate its subcellular localization in the leaf.
Apart from inappropriate localization, failure to observe intense blue chemiluminescence in the experiment with MVP could be due to the attenuation of blue emission in the leaf tissue. In order to study this latter possibility, response of the blue fluorescence emitting free radical sensor TEMPO-9-AC to PI in the leaf was also measured. Although 1 O 2 is probably the primary ROS product, other ROS have also been identified in photosynthetic tissues under PI. These include various oxygen-and carbon-centred radicals [23, [38] [39] [40] [41] [42] [43] . Using TEMPO-9-AC as a broad-range radical probe, we attempted to trap radicals in PIexposed leaves. However, the same 30 min PI that resulted in 1 O 2 production detectable with DanePy and SOSG ( Figure 1B,F) did not initiate detectable response from TEMPO-9-AC (data not shown). Blue fluorescence emission, reporting the production of various free radicals in the leaf was only observed after longer (120 min) exposure to the same high irradiance (Figure 2A-B) . Similar to the experiment with MVP, the presence of the TEMPO-9-AC containing solution inside the leaf was confirmed by taking a transmission-mode photo before PI ( Figure 2C ). The long exposure to high light also caused partial bleaching of the leaf centre at the lincomycin-treated left side (data not shown), indicating that oxidative stress in these parts has been extreme. In this way, while the high free radical flux in these intensely stressed leaves was detectable by TEMPO-9-AC, 1 O 2 was not detectable by MVP even after the 120 min PI treatment (data not shown). In the partially bleached (paler green) leaves, detection of blue fluorescence of the probes was probably aided by lessening the amount of chlorophyll, which has high absorption in the blue spectral region. This may have helped the detection of fluorescence from oxidized TEMPO-9-AC, but was not sufficient in experiments with MVP, suggesting that the inability of this latter probe to detect 1 O 2 was not all due to reabsorption of the blue emission by chlorophyll.
In summary, PI of leaves activated the 1 O 2 probes DanePy and SOSG, but not DanePy-oxalate or MVP. Strong absorption by chlorophyll may limit the application of blue light emitting probes in leaves. Although this may also apply to the 1 O 2 probe DPAX, it was not included in this study.
Stability in low light
Photosynthesis is driven by the energy of light, which may be photo-oxidative under special conditions, for example during PI, as studied here. Consequently, it is important that probes for plant stress should not themselves be sensitive directly to the level of light required to induce normal metabolism. Light-sensitivity of 1 O 2 probes DanePy and SOSG was tested in leaves exposed to low intensity PAR (LL), which did not harm photosynthesis even in the infiltrated leaf tissue ( Table 1 ). Figure 3 shows that DanePy was stable in the leaf, unlike PI, which resulted in a decrease in DanePy fluorescence through 1 O 2 production. LL did not result in any fluorescence quenching and, in fact, a slight increase was observed ( Figure 3A-B) . In contrast, SOSG was reactive to LL; its fluorescence increased markedly in the leaf under this treatment ( Figure 3C-D) , to more than half as much (61%) than in response to the 1 O 2 yielding PI of the leaf ( Figure 1E-F) . DanePy-oxalate and MVP were not included in this study because their fluorescence / chemiluminescence was not affected, even by high light intensities (Figure 1 ), which excludes their sensitivity to light in itself.
These observations show that SOSG should be employed with care in experiments carried out in the light, appropriate control should be measured to ensure that the response of this probe was a genuine effect of 1 O 2 scavenging.
Localization
Although the major site of 1 O 2 in leaves is thought to be in the thylakoid membranes of the chloroplasts, stress conditions other than the PI of PS II may promote the photosensitized production of this ROS at other sites as well. Abiotic stress promoted by certain classes of herbicides or environmental pollutants [5, 11] , biotic stress by fungi having photosensitizing toxins [44] , as well as the accumulation of chlorophyll precursor porphyrins [13, 24, 45] may equally lead to the production of 1 O 2 at sites other than PS II. First we studied the localization of 1 O 2 probes by stereo microscopy at whole leaf level, then this view was refined using Laser Scanning Microscopy (LSM). The highly fluorescent forms of the molecules were needed for these images; therefore, DanePy and DanePy-oxalate were studied in untreated leaves, while SOSG and TEMPO-9-AC were analyzed in photoinhibited leaves. Typical fluorescence images of 0.5 x 0.66 mm leaf area showed that while DanePy was mainly localized inside the cells, its oxalate derivative did not penetrate the cells and was restricted to intercellular areas ( Figure 4A-B) . SOSG fluorescence showed a mixed picture, the highly fluorescent form of this probe was contained both inside and in between cells ( Figure 4C ). The oxidized, fluorescent form of TEMPO-9-AC appeared more intercellular than intracellular. However, 
DNA
SOSG Chlorophyll Merged cells of this leaf sample were damaged by the preceding strong photo-oxidative stress necessary to bring about detectable blue fluorescence. Thus, conclusions on the localization of the probe in the untreated leaves may not be drawn from the image in Figure 4D . In LSM close-up analyses, it was possible to zoom into less damaged area, where patches of extracellular signals of oxidized TEMPO-9-AC were detected mainly outside the cells (arrows in Figure 5B ) or at cell borders. In some cells, we could also detect weak chloroplast localizations following contrast enhancement of the image ( Figure 5 , asterisks). LSM images provide a more refined picture of the localization of fluorescent 1 O 2 probes. On the other hand, extreme close-ups to particular regions in the leaf should be interpreted with caution as there are various cell types and tissue layers differentially responding to dye infiltrations, which also hinder proper quantitative analyses. We have focused our main attention to mesophyll tissue, which is the primary location of photosynthesis in the leaves. We have analyzed the probe distributions in either palisade layer of tightly packed, vertically elongated cells, or in the spongy layer where the cells are more rounded and less tightly packed. LSM imaging confirmed the intracellular localization of DanePy and showed that this probe is able to penetrate into the chloroplasts of mesophyll cells as well. This is verified by a comparison of green DanePy fluorescence and red chlorophyll fluorescence in Figure 6A -C. It is important to note that this intra-plastid localization can not be achieved by either spontaneous osmotic or pressure assisted uptake of the probe through the leaf petiole, which may render the probe into the mesophyll cells but not into the chloroplasts (Figure 6D-F) . In order to reach the chloroplasts, the infiltrating solution should be forced into the leaf tissue directly. DanePy-oxalate, on the other hand, was clearly intercellular. Moreover, it was mainly localized in between or under the epidermal cells, and did not reach the mesophyll region of the leaf ( Figure 6G-I) , which fully explains its inertness to the cellular production of 1 O 2 ( Figure 1C,D) . In our experiments, SOSG was partly intracellular, but it did not penetrate the chloroplasts either when delivered into the leaf directly, using the pinhole infiltration technique ( Figure 6J-L) , or when allowed to be taken up osmotically through the petiole (data not shown). This localization in the epidermal cells rather than in mesophyll cells makes the application of SOSG in photoinhibition studies rather precarious. When focused to the midplane of the SOSG infiltrated cells, strong fluorescence emission was often detected in a region that was not co-localizing with chloroplasts (arrows in Figure 6M and 6N) . This signal was also present in the stomatal guard cells of epidermal tissues (Figure 6P -R) and typically occupied a nucleus-like territory and positioning. Co-localization experiments with the live-cell DNA staining dye Hoechst 33342, confirmed that SOSG accumulates in the nucleus (Figure 7A-D) . This novel finding offers new possibilities for the use of this 1 O 2 probe.
Conclusions
We have conducted a comparative study of presently available, selective fluorescence 1 O 2 probes in terms of toxicity, subcellular localization, light sensitivity, and capacity to trap the singlet oxygen produced in photoinhibition. The results showed that in order to utilize the full potential of the high sensitivity, simplicity in data collection and high resolution offered by imaging with fluorescent probes, their character should be known. None of the studied probes inhibited photosynthesis to the extent which would prevent their application in leaf studies. DanePy and its oxalate salt are localized in the leaf in an almost complementary way, the former being intracellular, capable of penetrating into chloroplasts, while the latter being preferentially intercellular. This could be utilized in future studies to separately analyze the intra-and extra-photosynthetic 1 O 2 sources. We were not able to confirm the localization of MVP and found that strong absorption by chlorophyll may limit the application of blue-light-emitting probes in leaves. Due to its light-sensitivity, SOSG should be used in photosynthesis research with extra care, but its newly found preferential localization in the nucleus may open up new dimensions for novel applications.
